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Abstract: Previous studies have shown that the lidar ratio has a significant influence on the
retrieval of the aerosol extinction coefficient via the Fernald method, leading to a large uncertainty
in the evaluation of dust radiative forcing. Here, we found that the lidar ratios of dust aerosol were
only 18.16± 14.23sr, based on Raman-polarization lidar measurements in Dunhuang (94.6°E,
40.1°N) in April of 2022. These ratios are much smaller than other reported results (∼50 sr) for
Asian dust. This finding is also confirmed by some previous results from lidar measurements
under different conditions for dust aerosols. The particle depolarization ratio (PDR) at 532 nm
and color ratio (CR, 1064 nm/532 nm) of dust aerosols are0.28± 0.013 and 0.5-0.6, respectively,
indicating that extremely fine nonspherical particles exist. In addition, the dust extinction
coefficients at 532 nm range from2× 10−4 to 6× 10−4m−1for such small lidar ratio particles.
Combining lidar measurements and model simulation by the T-matrix method, we further reveal
that the reason for this phenomenon is mainly due to the relatively small effective radius and
weak light absorption of dust particles. Our study provides a new insight into the wide variation
in the lidar ratio for dust aerosols, which helps to better explain the impacts of dust aerosols on
the climate and environment.
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1. Introduction

Dust aerosols have important impacts on regional and even global ecological environments and
climate change [1]. Globally, dust now accounts for a third of all naturally occurring aerosols,
equivalent to approximately 600 Mt per year [2]. They not only seriously endanger human health
[3] but also affect the properties of clouds and precipitation. Global desertification has a profound
and extensive impact on the human living environment [4]. An analysis of 10 sandstorm cases
based on satellite data in North China found that dust aerosols inhibited precipitation [5]. The
decrease in precipitation caused by dust aerosols caused the soil to become drier, thus producing
more dust and providing positive feedback to accelerate the drought process [6]. Moreover,
heating of the elevated dust aerosol layer increases the occurrence of deep convection, which in
turn strengthens the circulation of the summer monsoon and lead to increased local precipitation
[7].

Asian dust has a significant impact on the atmospheric radiation budget balance [8]. Toshiyuki
et al. observed that Asian dust generated by sandstorms in high-altitude arid regions of China
and Mongolia is easily carried into the troposphere by westerly winds in the spring [9]. To better
study the radiation properties of dust aerosols, many field observations have been carried out
in arid and semiarid areas of China in recent years [10–17]. Previous studies have shown that
one of the important reasons for the uncertainty in the evaluation of the radiation effect of dust
aerosols is the lack of observations of their vertical structure [18,19]. Therefore, it is important
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to study the optical properties and spatial distribution of dust aerosols to estimate the radiation
effects of dust aerosols.

Lidar is a very useful tool in atmospheric research since it provides information on several
atmospheric parameters with high spatial and temporal resolutions [20]. The measurements of a
Mie scattering lidar are generally used to calculate aerosol backscattering and extinction profiles
with a fixed lidar ratio assumption in the algorithms [21], which is not conducive to the accurate
inversion of aerosol optical properties. In general, when using Mie scattering lidar to retrieve
the extinction coefficient of dust aerosol, the lidar ratio is assumed to be approximately 50 sr.
The lidar ratio of Asian dust varies between 42 sr and 66 sr in most cases, with a mean of 51
sr [22]. However, it has been noted that the lidar ratio has a great influence on the inversion of
the extinction coefficient of aerosols. The factor of 10 range of possible lidar ratios translates
into a factor of 10-40 uncertainty in retrieved optical depth. This range is too large to offer an
adequate constraint on lidar retrievals for the problems of climate forcing or visibility [23]. Noh
et al. observed the presence of pollutants with a lidar ratio of 110 sr at an altitude of more
than 1000 meters over East Asia [24]. The lidar ratio of dust aerosol in Lampedusa ranges
from 10 to 90 sr, with an average of 30 sr [25]. The lidar ratio varies greatly over time, as
observed by sun-photometer and Mie scattering lidar [26]. The lidar ratio and depolarization
ratio of dust aerosols from the Taklimakan Desert were higher than those typical for Asian
dust in the Kashgar area, located near the edge of the Taklimakan Desert [27]. Some studies
have shown that lidar ratio variation is dependent on the regional characteristics of aerosols
and atmospheric conditions [28,29]. This means that Mie scattering lidar has limited utility
for accurately estimating the optical properties of aerosols. Raman lidar and high spectral
resolution lidar (HSRL) can simultaneously and independently measure the extinction coefficient
and backscattering coefficient of aerosol [30] without the assumption of parameters, which
makes Raman lidar a useful tool for aerosol research. The lidar ratio obtained from Raman lidar
observations has very important reference significance for Mie scattering lidar inversion of the
extinction coefficient.

To investigate the lidar ratio of dust aerosols near dust sources, we observed the dust vertical
structure by using measurements from a ground-based lidar network in Northwest China. The lidar
system is a Raman-polarization lidar developed by Lanzhou University, aiming to continuously
observe the spatial-temporal distribution of dust aerosols along their long-range transport path.
The structure of this paper is organized as follows: the lidar system and methods are presented in
detail in Section 2; in Sections 3 and 4, the results and discussion are given; and the conclusions
are finally summarized in Section 5.

2. Lidar system and methods

The Raman-polarization lidar used in this study is designed for continuously observing dust
aerosols and clouds in the Belt and Road ground-based lidar network (BR-lidarnet) led by
Lanzhou University of China [14]. A schematic diagram of the developed Raman-polarization
lidar used in this paper is shown in Fig. 1. It employs a Nd:YAG laser emitting a fundamental
laser at 1064 nm and converts the 1064 nm laser to a 532 nm laser using a second harmonic
generator (SHG). Consequently, a Schmidt Cassegrainian telescope with a diameter of 200 mm
is used to receive backscattering signals from the atmosphere. Polarization measurements are
achieved at 532 nm to better distinguish dust aerosols from other atmospheric aerosols. The field
of view (FOV) of the lidar system is 1 mrad, which can effectively suppress solar radiation during
the daytime. Photon counting mode was used at a wavelength of 607 nm, and analog mode was
employed at wavelengths of 532 and 1064 nm. The spatial and temporal resolutions are 3.75
m and 5 min, respectively. Raw signals were preprocessed by background subtraction, range
correction, polarization calibration and overlap correction [31,32].



Research Article Vol. 31, No. 10 / 8 May 2023 / Optics Express 16911

Fig. 1. Schematic diagram of a Raman-polarization lidar designed for lidar network
observation in this study.

The aerosol extinction coefficients were given by Eq. (1) [33]:
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NRef (z) is the molecular number density of the Raman scattering at distance z, which is determined
by using the standard atmospheric model, and k is the Angstrom exponent, which is usually equal
to 1 but depends on aerosol types [33]. α is the extinction coefficient. The superscripts aer and
mol represent aerosol and molecular, respectively. The subscripts λ0(532 nm) and λRef (607 nm)
represent the elastic backscattering wavelength and Raman scattering wavelength, respectively.
P is the backscattering signal at the Raman channel.

The equation for retrieving aerosol backscatter coefficients by Raman lidar is as follows:
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The lidar ratio of aerosols is related not only to their shape but also to the wavelength of
incident light, spatial orientation, size distribution, complex refractive index and other factors
[34,14]. We assume that the aerosol particles are uniform and randomly oriented, and the size
distribution is lognormal. Only the effects of the particle effective radius, complex refractive
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index and aspect ratio are considered. For a single particle, the lidar ratio can be calculated by
the following formula [35]:

S(λ) =
4πCext(λ)

a1(π, λ)Csca(λ)
(4)

where Cext and Csca represent extinction cross sections and scattering cross sections of aerosol
particles, respectively.

3. Results

The developed Raman-polarization lidar in Dunhuang observed a dust event on April 15, 2022,
and continued to observe this dust event, as shown in Fig. 2. From the observation results of
lidar, it can be seen that the dust event occurred at approximately 11:00 am Beijing time and
lasted for approximately 24 hours. Through the observation results of lidar, it can be found
that there was an interesting phenomenon in the dust event in Dunhuang, the source area of the
dust. Approximately 12 hours after the dust event, the dust layer gradually rose to approximately
2000 meters above the ground. Similar phenomena have also been observed in Europe with
consistency until the end of the dust event [36]. One study found that dust in the Taklimakan
Desert can rise up to 4 km above the ground [37]. To analyze the change in the microphysical
properties of the dust aerosol in the transmission process of the dust event, lidar observations
were also carried out in Zhangye, which falls on the dust transmission path. The observation
results of the lidar showed that after approximately 15 hours, the dust particles were transmitted
from Dunhuang to Zhangye, and the intensity of the dust observed in Zhangye was relatively
weak. This situation indicates that there is an obvious settlement process of dust particles in the
transmission process, which can also be illustrated by the observation that the dust particles in
Zhangye stretch from the ground to 3,000 meters in the air. The depolarization ratio of dust
particles observed in Zhangye is obviously smaller than that in Dunhuang, indicating that the
dust particles settling are mainly particles with poor sphericity.

To avoid damage to the PMT caused by noise from sunlight, the Raman channel only works
at night. Due to the low signal-to-noise ratio of the Raman channel, the average of the Raman
channel was conducted for 2 hours; the time selected is the red dotted line. When the Raman
channel is used to determine βaer, at an altitude of 5.6 km, assuming βaer = 0 and below 200 m,
the signal is considered to be coming from the lidar blind spot. When using the least squares
method to estimate the slope of the Raman signal, the vertical resolution of the lidar is reduced
to 187.5 m. The vertical structure of dust in Dunhuang and Zhangye is shown in (a) and (b) of
Fig. 3.

The vertical profile of aerosol optical properties is shown in Fig. 3. As shown in Fig. 3(a), the
extinction coefficient and lidar ratio are large below 1000 m, indicating that there is a layer of
highly concentrated and highly extinct particles at this height; the lidar ratio above 1000 m is
approximately 20 sr, and the vertical structure changes are not obvious. This situation indicates
that the dust particles at this height are relatively simple in nature. The extinction coefficient
results indicate the presence of an aerosol layer in the vicinity of 2000 m to 2,750 m, proving that
the dust layer was raised to more than 2000 m above ground level. Dong et al. also observed
dust from the Taklimakan Desert at an altitude of 2-4 km [37]. The PDR result is approximately
0.3 for the strongest dust extinction near 2750 m, which is typical for Asian dust, indicating that
the main composition of this layer is indeed dust particles. The PDR results decrease rapidly
above 2750 m, indicating that the top of the dust layer was within 3000 m. The variation in PDR
results below 2750 m is relatively small, indicating that the dust properties were relatively simple
within the whole height. In Fig. 3(b), there is also a layer of particles with high concentration
and strong extinction similar to Dunhuang below 1000 m, we speculate that it may be caused by
the error of urban aerosol and overlap. Above 1000 m, the extinction coefficient is approximately
2×10−4m−1, which is lower than that of Dunhuang, indicating that the dust particles were settling



Research Article Vol. 31, No. 10 / 8 May 2023 / Optics Express 16913

Fig. 2. Vertical structure of aerosols and clouds observed by Raman-polarization lidar in
Dunhuang and Zhangye in April 2022.

Fig. 3. Vertical profiles of the extinction coefficient, lidar ratio and particle depolarization
ratio (PDR) in Dunhuang (a) during 1:00-3:00 am on April 16 and Zhangye (b) during
0:00-2:00 am on April 17.
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during the transport process. The lidar ratio is approximately 20 sr, the PDR changes little, and
the PDR value is approximately 0.23, indicating that the settling particles were particles with poor
sphericity. Several studies have shown that the nonsphericity of the dust particles determines a
significant reduction in the backscattering efficiency, ultimately resulting in an increase in the liar
ratio compared to the same size distribution of the star particles [38,39]. Our observation results
show that there is no significant difference in the lidar ratio between Dunhuang and Zhangye,
which may be caused by the nonsphericity of dust particles and other factors.

We performed a more detailed statistical analysis of the lidar data than the data collected
from all data points at altitudes of 600-3000 m, as dust aerosols are not always present at higher
altitudes (Fig. 4). During the entire dust event, 60 lidar ratio profiles were acquired. The reason
for the low number of profiles is the low signal-to-noise ratio of the Raman signal, which does
not always allow successful retrieval of aerosol optical properties when using the Raman method.
However, a review of more than 7,000 data points is sufficient for detailed statistical analysis.
The lidar ratio ranges from 5.2 to 101.6 sr. This distribution is wider than the previously reported
lidar ratio of Asian dust, which is thought to be caused by errors in overlap and mixing of urban
aerosols and dust aerosols near the ground. Approximately 58% of the lidar ratio is in the range
of 10-15 sr, indicating that the dust generated in Dunhuang was very uniform. This number can
be used to represent the lidar ratio of the dust generated at Dunhuang. Approximately 81% of the
lidar ratios are in the range of 0-20, which is consistent with the results that most of the lidar
ratios of dust from Northwest China observed in Nanjing are less than 20 sr [33].

4. Discussion

Many scholars have observed that the lidar ratio of dust is less than the typical value. Zhang et al.
observed some high dust in the middle of the Taklimakan Desert with a lidar ratio of less than 20
sr using Raman lidar [40]. Dust from northwest China, with a lidar ratio of approximately 10 sr,
was observed by Raman lidar in Nanjing [33]. A lidar ratio of approximately 22 sr of Saharan dust
invading the Mediterranean was reported at Potentsa [42]. Guerrero-Rascado et al. observed a
20-25 sr Saharan dust lidar ratio [20]. Zhu et al. observed the lidar ratio of dust aerosols of 16-30
sr using HSRL [42]. Ackermann modeled lidar ratio values for different tropospheric aerosol
types using climatological values of aerosol size distribution to obtain values ranging from 22-25
sr, 20-25 sr and 60-65 sr at 532 nm for maritime, dust and continental aerosols, respectively [43].
We organized some of these results and show them in Fig. 5 [20,25,26,33,40–42,44–55]. It can
be clearly seen from Fig. 5 that these scholars all observed the existence of lidar ratios less than
40 sr or even less than 30 sr. Therefore, we can assume that such a small lidar ratio is not an
uncommon situation.

To explore the factors affecting the lidar ratio of dust particles, the PDR, color ratio (CR) and
extinction coefficient of particles during the whole dust event were counted; the results are shown
in Fig. 6. Data with a frequency lower than 0.1% in statistics are considered incidental errors
generated in the inversion process and are discarded. According to the results, CR is mainly
concentrated in the range of 0.5-0.6 and mainly concentrated at approximately 0.55. Therefore,
we can assume that the CR of the dust generated in Dunhuang is approximately 0.55, which
is relatively small for dust particles [56,57]. Therefore, we can assume that the small effective
radius of the particles is an important reason for the small lidar ratio observed. The extinction
coefficient is concentrated at 2 × 10−4 − 6 × 10−4m−1, which is higher than the result observed
by Zhang et al [40]. in the Taklimakan Desert. It can be seen from the figure that when the
extinction coefficient is 2 × 10−4m−1, the lidar ratio tends to increase obviously, suggesting that
a higher dust concentration leads to a lower lidar ratio. Figure 6(c) shows that PDR is not a
factor affecting the lidar ratio at Dunhuang, and the previously reported nonsphericity of particles
leading to an increase in the lidar ratio has not been observed [38,39]. When the CR of the dust
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Fig. 4. Possibility distribution of the dust lidar ratio at 532 nm retrieved from Raman-
polarization lidar measurements in Dunhuang during 14-17 April 2022.

Fig. 5. Comparison of lidar ratios of dust aerosols in this study and those reported in the
literature. Black points represent averaged values.
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Fig. 6. Relationship between lidar ratio and CR (1064 nm/532 nm), extinction coefficient
and PDR (532 nm) of aerosols retrieved from Raman-polarization lidar measurements in
Dunhuang during April 14-17, 2022.

Fig. 7. Effects of aerosol microphysical properties on lidar ratio for dust aerosol simulated
using the T-matrix method. The real part of the complex refractive index is assumed to be
1.53 for dust aerosols during the simulation in this study.

particles is between 0.5-0.6 and the extinction coefficient is between 2 × 10−4 − 6 × 10−4m−1, we
can assume that the lidar ratio of the dust particles is 15 sr.

The T-matrix method can simulate the optical properties and lidar ratio of dust particles with
high precision [58]. In this study, the aerosol distribution is assumed to be lognormal. The color
ratio (CR), particle depolarization ratio (PDR) and imaginary part of the complex refractive
index (MI) are considered. The simulation results are shown in Fig. 7. MR represents the real
part of the complex refractive index. Figure 7(a) showed that the lidar ratio of the particle was
positively correlated with the imaginary part of the complex refractive index of the particle, and
MI may cause very large changes in the lidar ratio of the particle. Therefore, the small lidar ratio
observed in Dunhuang may be related to the weak absorption of local dust particles. Dunhuang
is a dust source area, and the generated dust aerosol has not mixed with other aerosol particles, so
the absorption was weak, which is consistent with the simulation results. Figure 7(b) showed the
scatterplot relationship of PDR versus the lidar ratio. The lidar ratio is positively correlated with
the PDR, which is consistent with the previously reported results that the non-spherical particle
can lead to an increase of the lidar ratio [36]. However, the PDR is not sensitive, indicating that
the PDR may not be the main factor affecting the lidar ratio. Similarly, the PDR of dust aerosols
observed in Zhangye is smaller than that in Dunhuang, and there is no significant difference for
the lidar ratio. This verified that the PDR may not be the reason for the small lidar ratio observed.
Figure 7(c) showed the influence of the color ratio on the lidar ratio. When the color ratio was
less than 0.4, the lidar ratio was significantly negative correlation with the color ratio, and the
change was very drastic. When the color ratio of the particle was greater than 0.4, the lidar ratio
was positively correlated with the color ratio, but it was not obvious, which may explain the lidar
ratio of less than 20 sr observed by Zhang et al. in the Taklimakan Desert [41]. However, after



Research Article Vol. 31, No. 10 / 8 May 2023 / Optics Express 16917

the long-distance transmission of particles, most of the large particles settle, so the lidar ratio
may be larger in areas far away from the dust source, which may be the reason for some observed
large lidar ratios [24].

5. Conclusion

The lidar ratio is very important for retrieving the aerosol extinction coefficient from widely used
Mie scattering lidar measurements. To better investigate the dust lidar ratio near dust sources,
we developed a Raman-polarization lidar system for continuously observing dust aerosols in
Dunhuang (94.6°E, 40.1°N), northwest China. We found that the lidar ratio of dust aerosol
generated in Dunhuang was 18.16 ± 14.23sr, which much smaller than the reported results (∼50
sr) for Asian dust based on lidar measurements in April 2022. The PDR at 532 nm and CR
(1064 nm/532 nm) of dust aerosols were 0.28 ± 0.013 and 0.5-0.7, respectively, indicating that
these particles were fine mode and nonspherical. In addition, dust extinction coefficients at
532 nm ranged from2 × 10−4 to 6 × 10−4m−1 for the small lidar ratio particles observed during
the studied period. Further analysis that combined the results via the T-matrix method showed
that the larger the MI and PDR of dust aerosol corresponded to a larger the lidar ratio of dust
aerosol. When the CR of dust aerosol was 0.4∼0.8, the lidar ratio of dust aerosol was the smallest,
indicating that a smaller or larger effective radius leads to a larger lidar ratio. Combining lidar
measurements and model simulation by the T-matrix method revealed that the reason for this
phenomenon was the relatively small effective radius and weak absorption of dust particles. This
study showed that there were many factors affecting the lidar ratio, and it was necessary to select
the appropriate lidar ratio according to different particle characteristics. For dust aerosols, the
lidar ratio was assumed to be 15 sr, while the CR is between 0.5 and 0.7. Our study provided
a new insight into the wide variation in the lidar ratio for dust aerosols, which helps to better
explain the impacts of dust aerosols on the climate and environment when using CALIPSO lidar
or ground-based Mie lidar observations. In the future, the lidar ratio of dust aerosol would be
further investigated using lidar measurements from the first space-borne high spectral resolution
lidar (HSRL) launched by China on April 28, 2022.
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